With the introduction of the Haemophilus influenzae serotype b (Hib) vaccine, invasive Hib disease has decreased substantially, but nontypeable H. influenzae (NT Hi) disease appears to be increasing. In order to understand the origin of NT Hi strains and their relationship with serotypeable strains, we analysed 125 NT Hi isolates collected from individual patients with either invasive disease (70 isolates) or respiratory tract infections (55 isolates). Serotype-specific and capsular transport genes were absent by PCR analysis, confirming their nonencapsulated status, which also suggested the NT Hi isolates were not encapsulated strains that shed their capsules. Multilocus sequence typing confirmed the NT Hi isolates did not have the same genetic background as serotypeable strains, including Hib. Despite the genetic heterogeneity found, two major genetic clusters were identified, both containing invasive and respiratory isolates. Fourteen invasive isolates and nine respiratory isolates produced b-lactamase and were ampicillin resistant. More invasive (26.8%) than respiratory isolates (10.9%) showed decreased susceptibility towards ampicillin by a mechanism unrelated to b-lactamase production. Besides a change in the capsule status of invasive Hi strains, the burden of invasive Hi disease, which used to be mainly a childhood disease, has now shifted to involve both adults and infants.
Introduction
Haemophilus influenzae (Hi) is an obligate parasite of the human respiratory tract and causes a variety of systemic and localized infections. One of the virulence factors of Hi is the polysaccharide capsule. Six different capsular types, a through f, were identified based on specific antisera that recognize antigenic specificities of the different capsular structures. Strains that lack the polysaccharide capsule (nonencapsulated) are termed nontypeable H. influenzae (NT Hi). NT Hi is an important respiratory tract pathogen causing otitis media, sinusitis, bronchitis, community and hospital-acquired pneumonia, conjunctivitis and, more recently, exacerbations of chronic obstructive pulmonary disease (COPD) (Murphy, 2005) . Before the introduction of the H. influenzae serotype b (Hib) conjugate vaccine, Hib was a common cause of invasive infections and one of the leading causes of bacterial meningitis in children (Wenger et al., 1992; Falla et al., 1993; Jordens & Slack, 1995) . Studies in the post-Hib vaccine era have shown a drastic decrease in the rates of Hib disease in countries with routine childhood immunization programmes against Hib. However, studies in both the United States and Canada have shown a significant increase in the frequency of invasive NT Hi disease (Dworkin et al., 2007; Tsang et al., 2007) . Recent data from the EU also found that incidence of invasive NT Hi disease exceeded that of Hib and even all of the encapsulated strains combined (Ladhani et al., 2008) .
With routine childhood immunization resulting in the near elimination of Hib in the population, the carriage of NT Hi in healthy individuals as a source of infection and disease has gained recent attention (Mukundan et al., 2007; Murphy et al., 2007) . While only 2-4% of individuals were found to carry Hib in their respiratory tract, it is reported that up to 80% of healthy individuals carry NT Hi (Murphy, 2005) . Carriage rate of other serotypeable Hi has not been widely reported in the literature, but is believed to be a rare occurrence.
These increased reports of invasive NT Hi disease have led us to examine some basic questions about these strains: Are these NT Hi strains related to the serotypeable strains, including Hib? Did the NT Hi emerge from their serotypeable counterparts by shedding their capsules? What is the relationship of invasive NT Hi compared with those causing respiratory tract infections? In an attempt to answer some of these questions, we examined 125 NT Hi isolates (70 from invasive and 55 from respiratory sources) for the presence of capsular polysaccharide synthesis genes, antibiotic susceptibility pattern and genetic structure by multilocus sequence typing (MLST). To understand who is at risk, we also examined the age of patients with invasive NT Hi disease. A comparison of the sequence types (STs) identified in the NT Hi isolates in Manitoba and the United States (Sacchi et al., 2005) will also be made. The objective of this report is to document the characteristics of NT strains of Hi as they are now the most common type encountered in clinical microbiology laboratories as causes of infectious diseases in both children and adults.
Materials and methods

Bacterial isolates
Between 2000 and 2006, 125 NT Hi isolates recovered from individual patients in Manitoba, Canada, were selected for this study. The invasive isolates were collected for our laboratory surveillance programme on invasive Hi disease and they represented all the NT strains from the invasive Hi isolates (regardless of capsule status and type) collected from patients attending tertiary care university teaching hospitals in the city of Winnipeg . The respiratory isolates were part of a collection of consecutive respiratory pathogens (pneumonia, bronchitis, sinusitis) received at the Clinical Microbiology Laboratory of the Health Sciences Centre in Winnipeg at the beginning of each year and stored for antibiotic susceptibility monitoring. Bacterial isolates were stored at À 80 1C in brain heart infusion broth 120% glycerol. Isolates were cultured on chocolate agar plates with incubation at 35 1C 15% CO 2 for 18-24 h and all tests were performed on a subculture of a single isolated colony. Identities of all isolates were confirmed by standard biochemical tests (Kilian, 2003) and 16S rRNA gene sequencing (Lau et al., 2004) . Biotypes were assigned according to Kilian's biotyping scheme based on three biochemical reactions: urease, indole and ornithine decarboxylase (Kilian, 1976) .
Serotyping
The nontypeable nature of all 125 isolates was confirmed by slide agglutination test using antisera against all six serotypes purchased from commercial sources (Difco, Oakville, ON, Canada; Denka Seiken, Tokyo, Japan). The absence of both the serotype-specific and the capsule transport, bexA, genes was confirmed by PCR using primers described by Falla et al. (1994) .
Antibiotic resistance and b-lactamase production b-Lactamase production was detected using Dryslide Nitrocefin (BBL, Becton Dickinson, Oakville, ON, Canada). Disc diffusion test was carried out as described by the Clinical Laboratory Standards Institute (CLSI, 2008) . The following antibiotics (Oxoid, Nepean, ON, Canada) were tested: ampicillin (2 and 10 mg), amoxicillin-clavulanic acid (30 mg), cefaclor (30 mg), ceftriaxone (30 mg), chloramphenicol (30 mg), ciprofloxacin (5 mg), clarithromycin (15 mg), moxifloxacin (5 mg), sulfamethoxazole-trimethoprim (25 mg), azithromycin (15 mg), imipenem (10 mg), levofloxacin (5 mg) and tetracycline (30 mg). Detection of b-lactamase-negative ampicillin-resistant (BLNAR) strains was accomplished using two concentrations of ampicillin (Karpanoja et al., 2004) . Hi BLNAR strain ATCC 49247 was used as a control in each experiment.
MLST
MLST was carried out by PCR amplification of seven housekeeping genes according to the previously described method (Meats et al., 2003) , and the assignment of STs was conducted using the Hi MLST website (http://haemophilus. mlst.net/). Genetic relationships between isolates based on MLST data were also analysed by EBURST (Feil et al., 2004) and concatenated sequences of the seven housekeeping gene loci using software available from the Hi MLST website cited above.
Results
Seventy isolates (56%) were from invasive disease cases and were recovered from normally sterile body sites (blood, 61 isolates; CSF, eight isolates; liver abscess, one isolate). The other 55 isolates (44%) were from the respiratory tract Invasive isolates were from patients whose ages ranged from 1 day to 94 years. Six cases were neonates (o 7 days old); five were babies aged o 1 year; four were between the ages of 1 and 2; three were between the ages of 3 and 6; four were 12-18 years of age; and the rest of the cases were adults (64.3% of the cases were found in adults over the age of 18). Among the adults, those aged 61-80 were the most common (20 cases), followed by the age group of 41-60 (10 cases All 125 isolates were confirmed to be nontypeable based on bacterial agglutination with specific antisera against each of the six known serotypes. Furthermore, none of the isolates were found to contain the serotype-specific capsular polysaccharide synthesis genes or the capsule transport gene, bexA. The absence of these serotype-specific capsule polysaccharide synthesis and transport genes confirmed that these isolates were truly nonencapsulated and nontypeable.
The number of invasive and respiratory isolates belonging to the different biotypes is summarized in Table 1 . When comparing biotypes, there was no difference between the invasive and respiratory isolates.
MLST
MLST was carried out on all 125 isolates, and 124 isolates were assigned STs. One noninvasive isolate had a null locus for the fuculokinase (fucK) gene and the ST could not be determined. From the 124 isolates, the total number of alleles identified in each of the seven housekeeping genes ranged from a low of 20 to a high of 40. The number of alleles identified for each of the housekeeping genes were: 30 for adk; 25 for atpG; 23 for frdB; 20 for fucK; 40 for mdh; 35 for pgi; and 28 for recA.
Of the 68 different STs identified, 45 STs were singleton, i.e. the ST was only observed in one isolate. Nine STs had only two isolates belonging to each of them, seven STs with three isolates, three STs with four isolates, two STs with five isolates in each and the remaining two STs were represented by eight and 10 isolates. Using EBURST, 64 of the 124 isolates and 28 of the 68 STs were grouped into nine clusters. Each cluster being different from all other clusters by at least three alleles in their seven housekeeping genes used in the MLST scheme. Related STs within each cluster have at least five of seven MLST gene alleles being identical. Table 2 shows the grouping of these nine clusters, and the number of invasive and respiratory isolates belonging to each of ST within these clusters.
The allelic profiles of the remaining 40 STs that did not belong to one of the nine clusters shared no more than four MLST gene alleles, and therefore, they have not been grouped into any related cluster. Twelve STs were found to contain multiple isolates (eight STs with two isolates each, one ST with three isolates, two STs with four isolates and one ST with five isolates), whereas 28 STs were only made up of a single isolate. Altogether, 60 NT Hi isolates were found among these 40 STs.
Despite this apparent genetic heterogeneity among the NT Hi isolates, two major genetic clusters were identified ( Table 2 ). The largest cluster, cluster 1, contained 27 isolates and six different STs. The second largest cluster, cluster 2, contained 14 isolates and four STs. Besides these two major genetic clusters, there were also seven minor groupings of isolates, each containing between two and five isolates. These seven minor clusters together contained 23 isolates.
Both invasive and respiratory isolates were seen in the two major clusters as well as in the two most commonly encountered STs (ST-14 and ST-3). The same can be said for five of the minor groupings of isolates. There were two minor genetic clusters, cluster 7 and cluster 8 (Table 2) , that were made up of only invasive isolates and each cluster contained only two isolates. Seventeen STs were found to contain both invasive and respiratory isolates (Fig. 1) .
Antibiotic susceptibility
Disc diffusion results revealed that 54.3% of the invasive isolates and 61.8% of the respiratory isolates were blactamase-negative and susceptible to all 13 commonly prescribed antibiotics (Table 3) . Twenty-three isolates (14% or 20.0% invasive and 9% or 16.4% respiratory) produced b-lactamase and were resistant to ampicillin. Among the 102 b-lactamase nonproducers, 20 (15% or 26.8% invasive and 5% or 10.9% respiratory) were found to show intermediate resistance either to the 2-mg ampicillin disc alone or to both the 2-mg and the 10-mg ampicillin discs, suggesting a decreased susceptibility towards ampicillin. None of these 20 isolates were identified as resistant by the regular disc diffusion test carried out according to the CLSI guidelines. Resistance to trimethoprim-sulfamethoxazole was detected in 12 and 10 of the invasive and respiratory isolates, respectively. Resistance or intermediate resistance to cefaclor was found in four invasive isolates, but none of the respiratory isolates. Three respiratory isolates, but no invasive isolates, were found to show resistance or intermediate resistance to clarithromycin. All 125 were susceptible to imipenem and the fluoroquinolones.
Discussion
In this study, we characterized NT Hi isolates recovered from the respiratory tract and those involved in invasive infection. Whether invasive NT Hi were originally encapsulated but lost their capsules and retained their virulence to cause invasive disease was examined. Our data clearly indicated that this was not the case. None of them had any evidence of the presence of the Hib or other serotypespecific capsule synthesis genes, or the capsule transport gene, bexA, in their genome. Their genetic background, as revealed by MLST, suggested no relationship to Hib or other encapsulated strains, which are genetically restricted in nature. For example, the MLST allelic profile of NT Hi was totally different from that of serotypeable strains (including Hib), i.e. they shared no common housekeeping gene alleles. There was also absence of any of the capsule synthesis genes, including both the capsule transport gene bexA, and the serotype-specific genes. Association of serotypes and MLST profiles has been reported previously as well as described based on a review of the Hi MLST database (Tsang, 2008) . Hib was the most common and virulent serotype among all the Hi strains (Zwahlen et al., 1989) and was a frequent cause of invasive disease in children in the pre-Hib vaccination era. Therefore, it was important to rule out any possibility that invasive NT Hi isolates were actually Hib strains that had lost their capsules. In the post-Hib vaccination era, serotype a Hi is the most commonly encountered serotype isolated from invasive disease cases in Manitoba, Canada Sill et al., 2007) . Our data confirmed that the invasive NT Hi examined in this study were not related to serotype a or any other serotypeable strains by virtue of their phylogenetic background and absence of capsular polysaccharide synthesis and transport genes. Genetic studies of NT Hi isolates in our collection confirmed the genetic diversity of this group of organisms. Comparing the STs of our NT Hi with those from the United States (Sacchi et al., 2005) , 22 STs were common to both countries, while 32 STs were identified only in the United States and 46 STs were found only in Manitoba strains. Using concatenated sequences from the MLST housekeeping genes, Sacchi et al. (2005) identified three clusters among the NT Hi isolates in the United States, and similar analysis performed on isolates from Manitoba also showed three clusters. Concatenated sequence analysis of the Manitoba isolates grouped some of the clusters identified by EBURST (Table 2) together, for example clusters 1, 2, 3 and 6 together; clusters 5, 7 and 9 together; and clusters 4 and 8 together (data not shown). However, comparing the groupings identified by concatenated sequences showed a somewhat limited overlap between the US and Manitoba isolates. Only cluster NT-I, identified by Sacchi et al. (2005) , was found to contain STs found in Manitoba (12 different STs that grouped by EBURST into clusters 1, 2, 7 and 8 according to Table 2 ), while the US NT clusters II and III did not contain STs identified among the Manitoba NT Hi isolates.
Despite the genetic diversity of the strains with 68 different STs identified, there were also two major clusters of strains (clusters 1 and 2 in Table 2 ) showing genetic relatedness. The number of strains in each of these clusters indicated their common occurrence (40% of all invasive isolates and 24% of all respiratory isolates), which did not appear to be related to any disease outbreaks in the city during this period of time. The small number of isolates involved in these two clusters as well as in the two STs that Table 2 and the cluster number appears in the black boxes beside each grouping of isolates. STs belonging to the same cluster share five or more alleles in common. In cluster 1, the red mode represents ST-3. In cluster 2, the yellow node represents ST-145. In cluster 3, the green node represents ST-349 and the blue node in cluster 9 represents ST-208. In clusters 5, 6, 7 and 8, each node contains only one isolate and each cluster contains only two or three nodes.
were made up of only invasive isolates prevented any further conclusions to be drawn from the current set of data.
b-Lactamase-mediated ampicillin resistance rates for the 125 isolates were 16.4% for the respiratory isolates and 20% for the invasive isolates. These rates agree with previous reports of a decline in the prevalence of b-lactamaseproducing NT Hi in recent years in both Canada and the United States (Zhanel et al., 2003; Heilmann et al., 2005) . There was no statistical significance between the invasive and respiratory groups of NT Hi in the prevalence of blactamase-mediated ampicillin resistance (PZ0.05 by w 2 ). However, significantly more invasive isolates (15% or 26.8%) than respiratory isolates (5% or 10.9%) were found to show decreased susceptibility towards ampicillin (P 0.05 by w 2 ), possibly indicating a chromosomalmediated ampicillin resistance mechanism that involves amino acid substitutions in the penicillin-binding protein 3 (PBP3) (Ubukata et al., 2001) . Indeed, we have recently reported that Canadian b-lactamase-negative Hi showing decreased susceptibility towards ampicillin have significant mutations in their PBP3 (Shuel & Tsang, 2009) . Further analysis in the future should monitor for this stepwise increase in their resistance to ampicillin.
Of the 70 invasive Hi disease cases due to NT strains, 20 (or 28.6%) were in those 61-80 years of age and another 10 (14.3%) were in those 41-60 years of age. COPD is a common morbidity, especially in the elderly (Murray & Lopez, 1997) , and in the United States, 500 000 hospitalizations annually have been related to infections or acute exacerbations in patients with COPD (Snow et al., 2001) . Because Hi, particularly the NT strains, are common causes of acute exacerbations of chronic bronchitis in COPD patients (Sethi & Murphy, 2001) , whether the high prevalence of NT Hi causing invasive diseases in those aged 41-80 in this study may be related to infections in COPD patients is worth examining in more detail. However, our present retrospective study did not allow us to look into this further without first obtaining ethics approval for reviewing patients' medical history and coordination with individual hospital's medical staff. Besides COPD, elderly patients (in the 61-80-year-old age group) are more likely to have other medical conditions such as diabetes, decreased immune functions, etc., which may predispose them to invasive infections by common respiratory bacteria such as NT Hi.
One limitation of our study is the retrospective nature, which resulted in the lack of clinical correlations with the types of strains identified among the invasive and the respiratory isolates. Because of this lack of clinical data, it is not possible to identify whether any of the genotypes among the invasive isolates are genuinely virulent in causing disease in immunocompetent individuals. In addition, it is unknown whether the different genotypes of the respiratory isolates might be linked with disease severity (e.g. mild bronchitis vs. severe pneumonia requiring intubation). Therefore, further analysis of more strains coupled with clinical observations are required in order to define these phylogenetic clades described by Erwin et al. (2008) as well as to identify potential clones that may possess unique invasive properties. However, this type of study requires prospectively enrolling patients into study cohorts and careful planning. Another limitation of our study is the relatively small number of isolates examined. Analysis with more isolates collected from the two groups of patients (respiratory tract infection vs. systemic disease) may allow us to confirm if there are clones that may be mainly associated with invasive diseases such as clones identified as clusters 7 and 8 in Table 2 .
In summary, our results showed the NT Hi that caused invasive disease were not necessarily different from the NT Hi isolates recovered from the respiratory tract based on phenotypic (biotype) and genetic (MLST) traits. This supports earlier findings by other investigators (Saito et al., 1999) that the source of invasive NT Hi originates from the respiratory tract of carriers. Furthermore, we have demonstrated that the emergence of NT Hi as a cause of invasive disease was not due to virulent capsular strains that have undergone genetic mechanisms to shed or switch their capsules. Finally, the burden of invasive Hi disease, which used to be mainly a childhood disease, has now shifted to involve both adults and the very young.
